Trie differential inhibition of the target esterases acetylcholinesterase (AChE) and neuropathy target esterase (NTE, neurotoxic esterase) by organophosphorus compounds (OPs) is followed by distinct neurological consequences in exposed subjects. The present study demonstrates that neuroblastoma cell lines (human SH-SY5Y and murine NB41A3) can be used to differentiate between neuropathic OPs (i.e., those inhibiting NTE and causing organophosphorus-induced delayed neuropathy) and acutely neurotoxic OPs (i.e., those highly capable of inhibiting AChE). In these experiments, concentration-response data indicated that the capability to inhibit AChE was over 100X greater than the capability to inhibit NTE for acutely toxic, nonneuropathic OPs (e.g., paraoxon and malaoxon) in both cell lines. Inhibition of AChE was greater than inhibition of NTE, without overlap of the concentrationresponse curves, for OPs which are more likely to cause acute, rather than delayed, neurotoxic effects in vivo (e.g., chlorpyrifosoxon, dichlorvos, and trichlorfon). In contrast, concentrations inhibiting AChE and NTE overlapped for neuropathy-causing OPs. For example, apparent IC50 values for NTE inhibition were less than 9.6-fold the apparent IC50 values for AChE inhibition when cells were exposed to the neuropathy-inducing OPs diisopropyl phosphorofluoridate, cyclic tolyl saligenin phosphate, phenyl saligenin phosphate, mipafox, dibutyl dichlorovinyl phosphate, and di-octyl-dichlorovinyl phosphate. In all cases, esterase inhibition occurred at lower concentrations than those needed for cytoxicity. These results suggest that either mouse or human neuroblastoma cell lines can be considered useful in vitro models to distinguish esterase-inhibiting OP neurotoxicants.
Organophosphorus (OP) insecticides, lubricants, and plasticizers are a potential health and safety hazard to individuals associated with their manufacture, formulation, application, and field use (Marrs, 1993; Chambers and Levi, 1992) . OPs used as insecticides inhibit acetylcholinesterase (AChE), the enzyme responsible for degradation of the neurotransmitter acetylcholine. In addition, some OPs can inhibit neuropathy target esterase (NTE, neurotoxic esterase), an enzyme which is associated with organophosphorus-induced delayed neuropathy (OPIDN), a progressive disorder which does not appear until weeks after inhibition of NTE (Ecobichon, 1991; Johnson, 1982) . Although the precise mechanism(s) of OPIDN is yet undetermined, sufficient NTE must be essentially irreversibly inhibited before it develops. Man and certain animal species (e.g., hen, cat, and sheep) are highly susceptible to clinical manifestations of OPIDN (Johnson, 1982) . NTE is, however, also inhibited in species which are less likely to display clinical and neuropathological changes after OP administration (e.g., rats and mice) (Ehrich et al., 1995a; Veronesi et al., 1991) .
Current federal testing requirements for OP insecticides include dose-related inhibitions of AChE and NTE in exposed animals (US EPA, 1991) . Since these esterases are also present in neuroblastoma cells (Fedalei and Nardone, 1983; Carrington et al., 1985; Ehrich, 1992, 1993; Veronesi and Ehrich, 1993a,b; Ehrich et al., 1994 Ehrich et al., , 1995b , we have explored the possibility of using cell lines to assess OP neurotoxicity potential. Our previous studies indicated that neuropathic OPs (i.e., those causing OPIDN) could be identified by NTE inhibition in human neuroblastoma cells (Ehrich et al, 1994) . The present study expands this work to include a comparison of concentrationdependent inhibitions of both NTE and AChE in cell lines originating from both human and rodent sources. OPs that are more likely to cause cholinergic crisis (a result of AChE inhibition) and neuropathic OPs (those associated with OPIDN) were used as test compounds.
MATERIALS AND METHODS
Chemicals. Esterase inhibitors included paraoxon (0,0-diethyl 4-nitrophenyl phosphate; from Chem Services, West Chester, PA; 98% pure), malaoxon (5-( 1,2-dicarbethoxyethyl) O,O-dimethyl phosphorothiolate; from American Cyanamid Co., Pearl River, NY; 92% pure), cyclic tolyl saligenin phosphate (TSP; from Lark Enterprises, Webster, MA; 100% pure), chlopyrifos-oxon (0,0-diethyl 0-(3,5,6-trichlon>2-pyridyl) phosphate; from DowElanco, Indianapolis, CM; 99% pure), diisopropyl phosphorofluoridate (DFP; from Aldrich Chemical Co., Milwaukee, WI; 100% pure), mipafox (W,/Vbis(l-methylethyl)-phosphordiamidic fluoride; from Lark Enterprises, 100% pure), cyclic phenyl saligenin phosphate (PSP; from Lark Enterprises, 100% pure), dichlorvos (0,0-dimethyl O-(2,2-dichlorovinyl) phosphate, also known as DDVP; from Fermenta Animal Products, Kansas City, MO, 96% pure), 0,0-dibutyl 0-(2,2-dichlorovinyl) phosphate (DBVP; from Oryza Laboratories, Chelmsford, MA; 87% pure), 0,O-di-octyl 0-(2,2-dichlorovinyl) phosphate (DOVF, from Oryza Laboratories, 45% pure, 39% non-esterase inhibiting dioctylphosphite), and trichlorfon (0,0-dimethyl 1-hydroxy-2 T 2,2-trichloroethylphosphonate; from Miles Agricultural Services, 99% pure). Test agent purity was provided by the supplier (paraoxon, malaoxon, chlorpyrifos-oxon, TSP, DFP, and trichlorfon) or determined by GC-MS analyses done at Virginia Tech (dichlorvos, PSP, mipafox, DBVP, DOVP). Optical isomers were not determined. These test compounds included OPs more likely to cause cholirtergic crisis than OPIDN (e.g., paraoxon, malaoxon, chlorpyrifos-oxon, dichlorvos, and trichlorfon) and OPs associated with the delayed netirotoxicity, OPIDN (e.g., TSP, DFP, PSP, mipafox, DBVP, and DOVP) (Ecobichon, 1991; Richardson, 1995; Ehrich et al, 1995a; Hollinghaus, 1984; Johnson, 1981 Johnson, , 1988 Moretto et al., 1989) . Also included was a series of dichlorovinyl congeners reported to have different capabilities to induce OPIDN (dichlorvos, DBVP, and DOVP) (Johnson, 1981; Hollinghaus, 1984) . Test compounds were initially prepared as 10"' M concentrates in absolute ethanol. These concentrates were then diluted at least 100X for incubation with neuroblastoma cells. This solvent was chosen because vehicle controls (1% ethanol in 0.01 M phosphate-buffered saline (PBS), pH 7.4) had esterase activities, trypan blue exclusion, and neutral red retention like those of cells not incubated with any solvent (data not shown).
Cell culture. SH-SY5Y human neuroblastoma cells were obtained from the laboratory of Dr. J. R. Perez-Polo (University of Texas, Galveston). NB41A3 mouse neuroblastoma cells were obtained from the American Type Culture Collection (ATCC, Rockville, MD). Passages 10-52 for human cells and 48-63 for mouse cells were used for these experiments. The human cells were grown in 40-50 ml F12 nutrient mixture (F12 HAM; Sigma Cell Culture, St. Louis, MO) containing 15% fetal bovine serum (FBS; Summit Biotechnology, FL Collins, CO) in 150-or 225-cm 2 flasks (Coming Costar Corporation, Cambridge, MA). Mouse cells were grown in minimum essential medium (MEM) with Earle's salts and leucine (Sigma Chemical Co.), 10% FBS, and 2 mM glutamine. Previous studies determined that these media provided optimal esterase activities for these cell lines (Ehrich etal., 1995b) . Cells were observed daily. To induce differentiation and maximize basal AChE activity, SH-SY5Y human neuroblastoma cells were treated with 20 /IM retinoic acid when reaching 60-80% confluency. Retinoic acid treatment did not affect basal AChE levels in mouse NB41A3 cells. The SH-SY5Y cells remained in the retinoic acid-containing medium for 4-5 days before being harvested. To harvest SH-SY5Y cells, the medium was removed and the cells incubated in 15-20 ml PBS for 15 min before being removed from the flask by pipetting. NB41A3 mouse neuroblastoma cells were harvested by incubating the cells for 15 min in Puck's solution with 0J g EDT A/liter. Previous experiments indicated that method used for harvesting cells had no effect on esterase activities (Ehrich el aL. 1995b) . After harvesting, viability was determined by trypan blue exclusion to be >90%. Following centrifugation, the cells were resuspended in PBS at a concentration of 1 X 10 7 cells/ml.
Esterase determinations.
Cells (1 X 10 7 /ml) in 1.5-ml volumes were incubated (5% CO 2 in ambient air) for 1 hr at 37°C with 0.015 ml of test compounds so that final concentrations ranged from 5 x 10 " to 10 3 M. Preliminary studies indicated that OP-induced inhibition reached a plateau within 30 min and remained stable for incubation times between 30 and 240 min. At the end of the period of incubation with OPs or buffer, 50 i±\ of the suspended cells was added to wells of microuter plates for esterase assays (Correll and Ehrich, 1991) . For the NTE assay, a preincubation period of 20 min at 37°C with 0.064 mM mipafox and/or 0.5 mM paraoxon preceded a 30-min incubation with the phenyl valerate substrate (Lark Enterprises, Webster, MA; 50 /il at I mg/ml) in a total volume of 200 /JL. Phenyl valerate hydrolysis was linear up to at least 120 min in this incubation system. NTE activity was determined as the difference between the hydrolysis of this substrate in incubates containing mipafox + paraoxon (which inhibits all inhibitable esterases) and incubates containing paraoxon (to inhibit esterases other than NTE), with absorbances at 510 nm compared to a phenol standard curve (Johnson, 1982; Correll and Ehrich, 1991) . Microtiter wells for the AChE assay contained cells, 50 /il (0.12 mg) 5,5'-dithiobis(nitrobenzoic acid), and 50 /xl (0.065 mg) acetylthiocholine substate. Enzymatic hydrolysis of the substrate was determined by the change in absorbance at 410 nm over a 60-min period in an assay system that was linear at least up to 120 min. Substrate and tissue blanks were included. Each OP was incubated with cells on at least three separate occasions, with triplicate wells for each esterase determination run each day. Esterase activities were compared to wells that contained all ingredients except the test OP. Results were expressed as the percentage of the esterase activity of these control cells and analyzed statistically (see below).
Cytotoxicity determinations.
Cytotoxic effects OPs were determined by a modified neutral red assay (Veronesi and Ehrich, 1993a) . This microtiter plate assay of multiple samples uses a dye that is retained by live cells. For this procedure, neuroblastoma cells were harvested, checked for viability using trypan blue exclusion, resuspended in the growth medium described above, and seeded into 96-well plates (200 /il/well of cells at 1 X 10 3 cells/ml density). Cells were incubated for 2-3 days, until 60-80% confluency was reached. At that time, fresh medium (180 nL) was added along with OP solution (10 /d of a 10X concentration in 10% ethanol to provide no more than 1% vehicle in the final incubate). Final concentrations of OPs were 10~3, 10"*, and 10~5 M. Cells were incubated with OPs for exposure times that ranged from 1 to 72 hr. At the end of the incubation period, the OP-containing medium was pipetted from the wells, and the cells adhering to the wells were washed twice with 100 /J PBS. After this, 40-200 /JI of freshly made neutral red (0.1% in distilled water diluted 1:10 with PBS, pH 7.4, just before use) was added to each well, and the plates were incubated for 90 min at 37°C. After this incubation, the neutral red was removed and the wells of cells were gently washed two or three times with 100 fji 37°C PBS. After removing the PBS, the dye was extracted from the remaining cells by adding 100 /A of 0.05 M citrate buffer plus 50% ethanol to each well. The plates were then agitated on a plate mixer at room temperature for 20 min, and the plate was read at 550 run in a microtiter plate reader (Molecular Devices, Menlo Park, CA). Neutral red retention was compared in cells exposed to OPs and those exposed to 1% ethanol vehicle. Cells exposed to a 1% sodium dodecyl sulfate solution were used as a positive control for cytotoxicity.
Data analysis. Percentages of activity for each assay were calculated, and the mean ± SEM was determined for n = 3-6 assays of each concentration of OP. For concentration-response studies, the mean and SEM of concentrations of the test compounds that inhibited esterases between 10 and 90% (greater than three concentrations/compound) after incubations of 1 hr at 37°C were then entered into a linear regression program (Prism; GraphPad Software, San Diego, CA) set to determine regressions using log concentrations of the OPs. This program analyzed the data for slope, y values (apparent IC50 values), confidence intervals, and regression coefficient Estimation of the comparative capability of the OPs to inhibit NTE and AChE was determined by dividing the apparent NTE IC50 value by the apparent AChE IC50 value. For visual representation of species differences, data were plotted, using the same software, with point-to-point curves used to better identify the tested concentrations. Tables 1 and 2 show apparent IC50 values, 95% confidence intervals for the apparent IC50 values, and regression coefficients (r 2 ) for the concentration-related inhibition of AChE and NTE in human and mouse neuroblastoma cells, respectively, following 1-hr incubations at 37°C. The comparative ability of an OP to inhibit NTE or AChE was determined by dividing the apparent NTE IC50 value by the apparent AChE IC50 value. These ratios were very high (>40) for OPs that do not cause OPIDN (paraoxon and malaoxon) and OPs unlikely to cause OPIDN (chlorpyrifos-oxon, dichlorvos, and trichlorfon). The ratios were considerably lower, and sometimes even less than 1, for OPs recognized for their capability to cause OPIDN (DFP, TSP, PSP, mipafox, DBVP, and DOVP). Although the apparent IC50 values for the various OPs differed between species, the ratios of apparent NTE IC50 value to apparent AChE IC50 value were high for paraoxon, malaoxon, chlorpyrifos-oxon, dichlorvos, and trichJorfon and low for DFP, TSP, PSP, mipafox, DBVP, and DOVP in both the human and the mouse neuroblastoma cell lines. Inhibition of esterases always occurred at OP concentrations lower than those necessary to cause cytotoxicity, as indicated by loss of capability to retain neutral red dye (Tables 1 and 2) .
Data on species differences between the OP-induced inhibition in human and murine cells and additional data on the relative inhibition of AChE and NTE in neuroblastoma cells exposed to OPs are provided in Fig. 1 , which depicts semilogarithmic concentration response plots for OPs more likely to cause acute rather than delayed neurotoxicity (paraoxon, malaoxon, chlorpyrifos-oxon, dichlorovos, and trichlorfon), and in Fig. 2 , which depicts concentration response plots for neuropathic OPs (DFP, TSP, PSP, mipafox, DBVP, and DOVP). Although species differences are evident in Fig. 1 , overlap of the esterase concentration-response curves is not evident for either human or mouse cells, as AChE inhibition is <20% of control at concentrations lower than the concentrations at which the NTE inhibition is >80% of control. Species differences are also evident in Fig. 2 , which shows that concentration-response curves for neuropathic OPs overlap considerably for OP-induced inhibitions of AChE and NTE. Figure 1 , which includes the OPs more likely to cause acute cholinergic crisis (AChE inhibition) than OPIDN, indicates that species differences were greater for paraoxon and chlorpyrifos-oxon than for malaoxon, dichlorvos, or trichlorfon. For OPs noted for their ability to cause OPIDN (Fig. 2) , the difference in esterase sensitivities between human and mouse cells was greater with DBVP than with DFP, TSP, PSP, mipafox, or DOVP.
DISCUSSION
The results presented here demonstrate that neuroblastoma cells can be used to identify comparative differences in OPinduced inhibitions of AChE and NTE. The data show that cell lines of either human or murine origin could distinguish OPs more likely to cause acute cholinergic crisis (AChE inhibition) than OPIDN for 11 of the 11 test compounds included in the evaluation. The esterase inhibitions occurred at concentrations lower than those causing cytotoxicity, suggesting that this in vitro model could be used to examine cellular events that occur after esterases are inhibited.
The apparent IC50 values determined in the present studies were often similar to the fixed-time IC50 values obtained during previous investigations that used the comparative inhibitions of NTE and AChE in brain homogenates from hens (the animal model for OPIDN) and humans to identify OPs likely to cause OPIDN (Lotti and Johnson, 1978; Richardson et al., 1993) . This was true, even though conditions were somewhat different in studies with brain homogenates (e.g., 20 min incubation, AChE incubations at temperatures less than 37°C, and multiple substrate concentrations). Table 3 provides a summary of fixed-time IC50 values in neuroblastoma cells and in tissue homogenates.
The present study also reports that inhibition of the AChE and NTE activities found in SH-SY5Y and NB41A3 neuroblastoma cell lines by the OP test compounds used in this study reflects their in vivo toxicity (Johnson, 1982; Richardson, 1995; Enrich era/., 1995a; Ecobichon, 1991) . These cell lines, like tissue homogenates (Johnson, 1988; Richardson, 1995) , however, are unlikely to have their esterase activities inhibited by protoxicants (Ehrich et al., 1994; Veronesi et al., 1997) . Adequate metabolic activation is a common problem with in vitro esterase assay systems, whether they be neuronal cells or tissue homogenates (Chambers, 1992; Veronesi et al., 1997) . Exogenous systems for biotransformation, although they could be somewhat difficult to incorporate, have been used with other systems for neurotoxicological investigations (Kohn and Dunham, 1993; Chow et al., 1986) and should be incorporated when using a cell culture system to identify protoxicants.
The concentration-response studies reported here indicated that there are some species differences in sensitivities of living cells to OPs. Previous studies indicated that there were also species differences in basal quantities of AChE and NTE between human and murine cell lines (Veronesi and Ehrich, 1993a,b; Ehrich et al, 1995b; Veronesi et al., 1997) . In the present study, both AChE and NTE activities of human cells were generally more susceptible to OP-induced inhibition than AChE and NTE activities of mouse cells. The apparent IC50 values in human cells, for example, were less than \ of the apparent IC50 values in mouse cells for 7 of the 11 test compounds when AChE activity was determined and for 5 of the 11 test compounds when NTE was determined. Similarly in animal models, hen esterases have been demonstrated to be more sensitive to OP-induced inhi- Esterase inhibitions (acetylcholinesterase, AChE; neuropathy target esterase, NTE) were determined following 1 hr of incubation (37°C) with the OPs at concentrations up to 10" 3 M. Concentrations inhibiting esterase activities by 50% at that time and temperature (apparent IC50 values) were calculated from semilogarithmic curves derived from at least three assays that included at least three concentrations giving between 10 and 90% inhibition of activity (Prism; GraphPad, San Diego, CA). The apparent IC50 values are followed by their 95% confidence intervals (given in parentheses) and by r 2 for the composite inhibition line. Esterase activities in untreated SH-SY5Y cells (mean ± SD, n = 20-28) were AChE = 76.4 ± 10.2 nmol/min/mg protein and NTE = 22.7 ± 2.3 nmol/min/mg protein.
* Neutral red retention was determined following incubation of cells with OP for 1 -72 hr at 37°C, with the exception of PSP, mipafox, and DFP (earliest determinaUon at 4 hr). Only the 2-hr results (or 4-hr results for PSP, mipafox, and DFP) are included in the table above. Calculation of the percentage of dye retention was based on absorbance ± SEM of five to eight incubations on different days of assay, with six wells run per assay day. Untreated cells, 0.229 ± 0.023 absorbance units (n = 31, range = 0.078-0.567) for incubation periods of 1 to 72 hr. Prism (GraphPad) allowed for calculation of the apparent IC50 value if three points were on a regression line even though cells were not incubated with concentrations of OP > 1000 MM. For mipafox and DFP, no loss of dye retention was seen after 4 hr of incubation, even at 1000 M M This is indicated by "no effect." bition relative to esterases of rats (Ehrich et al., 1995a) . The reasons for this species difference are as yet undetermined, although differences in enzymes involved in detoxification of OPs (e.g., carboxylesterases and A-esterases) may be contributing factors (Veronesi etal, 1993a; Ehrich etai, 1995b; Maxwell, 1992) . In the present study, carboxylesterases of the human cell line appear more sensitive to OP-induced inhibition than carboxylesterases of the mouse cell line (apparent IC50 values in human cells were less than 5 of the apparent IC50 values in mouse cells for 8 of the 11 test Esterase inhibitions (acetylcholinesterase, AChE; neuropathy target esterase, NTE) were determined following one hr of incubation (37°C) with the OPs at concentrations up to 10" 3 M. Apparent IC50 values were calculated from semilogarithmic curves derived from at least three assays that included at least three concentrations, giving between 10 and 90% inhibition at this time and temperature. The apparent IC50 values are followed by their 95% confidence intervals (given in parentheses) and by r 2 for the composite inhibition line. Esterase activities in untreated NB41A3 cells, mean ± SD, n = 23-38) were AChE = 10.3 ± 1.1 nmol/min/mg protein and NTE = 3.37 ± 0.22 nmolAnin/mg protein.
* Neutral red retention was determined following incubation of cells with OP for 1 -72 hr, with the 2-hr value reported above. Prism (GraphPad) allowed for calculation of the apparent IC50 value if three points were on a regression line even though cells were not incubated with concentrations of OP > 1000 MM. For mipafox, no loss of dye retention was seen, even at 1000 MM. This is indicated by "no effect." Control values, 0.319-0.405 absorbance units or 3.31 ± 0.14 Mg/ml (100% ± 4, n = 6).
compounds used for the present study) (M. Ehrich, unpublished data) .
Nervous tissue homogenates, although relatively simple to use for in vitro inhibition studies, differ from the in vitro model described here in several ways. Tissue homogenates obviously require the sacrifice of animals, thereby preventing study of post-esterase inhibition changes in living tissue. Although primary cultures of pure neurons might also be used to examine OP inhibition, their cost and technical requirements are considerably greater than those necessary for cell lines (Freshney, 1987; Conn, 1990; Funk et al, 1994) . A compelling advantage for using cell lines to address OP inhibition is that cells of human origin can be readily obtained (American Type Culture Collection, Rockville, MD; Veronesi and Ehrich, 1993a) , and it is all but impossible for most laboratories to obtain human test material for primary cultures or tissue homogenates. Neuronal cell lines from the includes esterase inhibition, clinical signs, and neuropatholhen, the currently accepted animal model for OP studies, ogy as endpoints, but does suggest that cell models be conhowever, are not currently available from commercial sidered to act as an adjunct test in view of their cost, human sources. The present model does not intend to substitute availability, and accuracy in identifying OPIDN-causing for the currently accepted hen test (US EPA, 1991), which OPs. The present data adds to previous studies using other in vitro systems that suggested, if judiciously selected and characterized, these systems could eventually be used to screen esterase inhibitors (Dudek and Richardson, 1982, Bertoncin et al, 1985; Fedalei and Nardone, 1983; Carrington et al, 1985; Knoth Anderson et al, 1992; Nostrandt and Ehrich, 1992; Ehrich et al, 1994; Veronesi et al, 1993a,b; 1996; Funk et al, 1994) . In summary, the present data show that the relative inhibition of NTE and AChE in neuroblastoma cells can distinguish OPs more likely to cause cholinergic crisis from neuropathic OPs. This provides possibility for an in vitro alternative to in vivo models currently used (US EPA, 1991) for screening of these potential neurotoxicants.
